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ABSTRACT
Carter, Stephen T. MSc, Purdue University, December 2017. Measuring Fatigue
Crack Deﬂections via Cracking of Constituent Particles in AA7050-T7451 Rolled
Plate via In-situ X-Ray Synchrotron Computed Micro-tomography. Major Professor:
Michael D. Sangid.
Brittle constituent particles play a signiﬁcant role in the fatigue of 2xxx series and
7xxx series aluminum alloys. This thesis contributes new knowledge of physically
small fatigue crack growth in AA7050-T7451 3/4 inch rolled plate. In-situ fatigue
crack growth imaging with x-ray synchrotron computed micro-tomography (µXSCT)
is used to observe and quantify in three-dimensions tortuously propagating fatigue
cracks interacting with constituent particles. An empirical relationship is shown between the surface area of a constituent particle and crack path deﬂection distance. An
analysis using a linear elastic model for the Eshelby inhomogeneity and the Westergaard crack tip indicates the stress concentrations developed by constituent particles
may contribute to crack path deﬂections. This ﬁnding has implications for modeling
fatigue crack growth in AA7050-T7451 rolled plate. In addition, a µXSCT approach
to visualizing fatigue crack closure eﬀects with tomography data using local thickness
mapping of the crack void is evaluated. The results estimated crack opening load to
be around 50% of the maximum load and this compared well to other experimental
techniques in the literature.
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1

1. INTRODUCTION
Most air forces utilize a damage tolerant approach to fatigue management, meaning
that the service life of aircraft components is determined using fracture mechanics
analyses and experiments to establish when an initially undetectable small crack
will grow to a detectable size before causing failure. Variability in fatigue test data
leads to overly conservative predictions in service life and the over-inspection and
early retirement of components leads to higher costs throughout the life-cycle of
aerospace systems. The reason for variability in fatigue has been attributed to a
wide range of factors including environment, in-service use and the micro-structure
of the material [1]. Aluminum 7050-T7451 is a very common structural alloy used
extensively throughout the worlds air forces and the aerospace industry. Improved
understanding and quantiﬁcation of the relationship between micro-structure and
fatigue crack growth in this material is a key step in improving the accuracy of fatigue
analyses, enabling aircraft life extensions and hence reducing the costs of aerospace
systems.

1.1

Background
There are three ways (Modes) an applied force can propagate a crack tip, as illus-

trated in Figure 1.1. In the simplest fracture mechanics problems only Mode I opening
is assumed, crack propagation in real materials however occurs as a combination of
Modes [2].
Three major events in the history of Linear Elastic Fracture Mechanics (LEFM)
are fundamental to our current understanding of fatigue cracks. In 1957, Irwin published the concept of a crack-tip Stress Intensity Factor (SIF) [4]. The SIF concept

2

y
X

X

X

z
(a)

(b)

(c)

Figure 1.1. Schematic representation of modes of crack propagation
(a) Mode I opening (b) Mode II sliding (c) Mode II tearing (adapted
from [3])

allows cracks of diﬀerent sizes from various specimen geometries and applied stresses
to be compared using Equation 1.1.
√
a
ΔK = Y ΔS πaf ( )
w

(1.1)

Where Y is a geometric correction factor depending on the specimen geometry
and ΔS is the applied stress range. f ( wa ) is a function of the specimen geometry to
account for the reduction in net section as the crack grows.
In 1970, Paris established the relationship between crack growth rate,

da
,
dN

and

the crack tip SIF range [5]. The life of a fatigue crack can be characterized into
three growth regimes; Threshold Regime (I), Paris Regime (II) and Final Fracture
(III). In the Paris regime, fatigue crack growth rate can be described by the following
relationship.
da
= A(ΔK)n
dN

(1.2)

Where A and n are material constants to be determined by experiment.
Crack growth rates also depend on the mean stress as well as the stress range.
A limitation of the Paris law is that it does not account for mean stress eﬀects.
In 1970, Elber proposed the concept of plasticity in the crack wake inducing crack

3
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Figure 1.2. Schematic representation of Fatigue Crack Growth regimes.

closure to explain the mechanics behind the mean stress eﬀect [6]. Figure 1.3 shows
schematically how crack closure is related to mean stress eﬀects for fatigue crack
growth (FCG). During the low stress portion of the load cycle, the crack surfaces
at the crack tip are closed. The crack tip does not open until a suﬃcient stress
intensity, Kop , is reached. The crack then remains open from Kop to Kcl . The crack
tip is shielded from the portion of the load cycle where the crack is closed, eﬀectively
reducing the stress range where crack growth occurs. If crack closure is taken into
account to correct the SIF range to ΔKef f , then crack growth rate experiments at
various mean stresses collapse back onto a common curve [7].
There are a number of diﬀerent mechanisms that cause crack closure [7, 8]. Plasticity induced closure as described by Elber is caused by local yielding in the crack
tip plastic zone [6]. Oxide induced closure can occur in environments where corrosion
products are trapped between the crack surfaces [8]. Roughness induced closure is
due to crack surface contact at asperities. Roughness induced closure is related to
deﬂections in the crack path [9].

4
K

R = Kmin
Kmax
U =. 6K elf

l'>K

l=~
Kmax
U:

li
1- R

time

Figure 1.3. Schematic representation of crack closure deﬁnitions over
one load cycle [7].

Crack path deﬂections are an important mechanism to improve the fatigue life of a
material [10]. In 1977, Bilby et al. estimated the eﬀective reduction in crack tip stress
intensity caused by a crack deﬂection of angle, θ, from a nominal Mode I crack path.
Assuming constant amplitude tensile loading, the eﬀective stress intensity of a 2-D
deﬂected crack is less than a linear crack because the stress intensity is decomposed
into Mode I and Mode II components. Equation 1.3 expresses the Mode I opening
k1 and Mode II sliding k2 stress intensity factors at a deﬂected crack tip in terms of
linear Mode I and Mode II cracks of the same length.

k1 = a11 (θ)KI + a12 (θ)KII

(1.3)

k2 = a21 (θ)KI + a22 (θ)KII
Where aij (θ) are functions of the crack deﬂection angle. Figure 1.4 shows the
variation in k1 and k2 with θ for a singly kinked crack.
The majority of the fatigue life of a component is spent in the Threshold regime,
where small fatigue cracks nucleate and grow. Experimental data on growth rates in
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(a) Kinked Crack.

(b) Variation in normalized crack tip
stress intensity factor components with
deﬂection angle

Figure 1.4. Eﬀect of crack deﬂection on crack tip SIF (adapted from [10])

this regime display a large amount of variability [11–15]. In 1982, Miller outlined the
short crack problem in fracture mechanics [13]. Three factors contribute to the diﬃculty in accounting for this variability. First, crack tip strains and stresses are dominated by micro-structural features. Second, due to the small opening displacements,
crack closure is very diﬃcult to quantify. Third is the essentially three-dimensional
nature of short cracks, which complicates stress intensity factor calculations. Miller’s
work sparked a large research eﬀort in the ﬁeld of short crack growth that eventually
led to general classiﬁcations for short cracks based on relevant dimensions summarized in Table 1.1 [16]. Where ry is the crack tip plastic zone size and dg is the
microstructural characteristic length, usually grain diameter.
Table 1.1. General Guide for Small Crack Classiﬁcations (adapted from [16]).
Type of Small Crack

Dimension

Mechanically-Small

a < ry

Microstructurally-Small

a < 5 − 10dg

Physically-Small

a < 1 − 2mm

6
Fatigue crack growth of physically small cracks is of particular interest as damage
tolerant design methods generally assume an initial ﬂaw size on the order of 1mm [14].
Accurate determination of crack growth and closure data at this length scale is diﬃcult to quantify [17, 18]. For crack growth measurement in the threshold regime, the
standard ASTM E647 load reduction technique suﬀers from history eﬀects and remote closure, such that ΔKth is overestimated and growth rates in the near threshold
regime are under estimated [15]. In-situ methods for crack closure such as compliance measurements using strain gauges to measure crack opening stress is limited to
through cracked specimens of typical crack length a=15mm [6]. Quantitative Fractography methods using marker loads can be used for smaller crack lengths, however
the technique requires post failure analysis of the fracture surface [15, 18].
Recent advances in x-ray synchrotron micro-tomography techniques for imaging
failures in-situ have the potential to shed new light on the mechanics of physically
small cracks [19, 20]. For small volumes of material, the crack surface and microstructural features such as brittle constituent particles can now be reconstructed and
visualized in three dimensions. The response of the crack to fatigue loading over
time can be observed by taking successive tomography scans as the sample is loaded
in-situ. This is potentially a key piece of the puzzle for improving fatigue analysis for
damage tolerant design.

1.2

Aim and Research Questions
The aim of this work is to contribute new knowledge of physically small fatigue

cracks in AA7050-T7451 plate alloy. Two focus areas were considered to support
this aim. The primary focus was the role of brittle constituent particles in the microstructure. The secondary focus was the potential for new ways to quantify crack
closure in small cracks leveraging high-resolution x-ray synchrotron computed microtomography. The following research questions were addressed:
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Is fatigue crack path of physically small cracks inﬂuenced by constituent particles? Is particle size and shape related to crack path deﬂections (i.e. crack surface
roughness)? Can x-ray synchrotron computed micro-tomography techniques improve
our understanding of crack closure in physically small cracks?

1.3

Thesis Overview
This thesis comprises nine sections. Section 2 reviews the current literature rel-

evant to the research aim. The experimental methods are divided into two sections;
Section 3 details the pre-cracking method to prepare fatigue cracked samples suitable for x-ray synchrotron micro-tomography and Section 4 details the in-situ tomography method carried out at the Argonne National Labs. Section 5 outlines the
reconstruction and image processing method to visualize the crack and particles in
three-dimensions. The results and analysis are divided into three sections. Section 6
presents the results from measured crack deﬂections via cracked constituent particles
and proposes an empirical relationship between the size of a constituent particle and
the expected distance of crack deﬂection. Section 7 considers the stress concentrating
eﬀects of constituent particles and applies linear elastic analytical solutions to gain
insights into the mechanism of particle induced crack deﬂections. Section 8 evaluates
a novel analysis technique for visualizing crack opening using three-dimensional local thickness mapping. Section 9 concludes this thesis with a summary of relevant
ﬁndings and recommendations for further study.

8

9

2. LITERATURE REVIEW
Since the 1970s, brittle intermetallic particles have been considered to play a signiﬁcant role in fatigue crack initiation and growth in 2xxx and 7xxx series aluminum alloys. Crack growth experiments by Bowles and Schijve in 1973 observed sharp changes
in crack direction and fatigue crack branches associated with clusters of intermetallic
particles and voids. They concluded that cracked particles and voids nucleate fatigue
cracks into the surrounding matrix [21]. The optical imaging techniques available at
the time limited studies to only two-dimensional surface observations of an inherently
three-dimensional phenomenon.
Some intuition on the potential nature of the eﬀect of constituent particles on
fatigue crack growth can be gained from the already extensive body of published
work relating small defects to fatigue strength. Murakami and Endo reviewed the
models available to engineers for predicting the fatigue strength of materials with
inclusions, inhomogeneities and physically small defects [22]. Inhomogeneities from
brittle constituent particles are considered mechanically equivalent to a small defect or
crack. The available models can be loosely classiﬁed according to three approaches.
The ﬁrst is primarily an empirical approach based on ﬁtting fatigue test data to
develop a relationship between fatigue strength and defect size. One of the earliest
of these empirical approaches was proposed by Frost et al. in 1959 [23].
σw3 a = C

(2.1)

Where σw is the material fatigue strength and a is crack length. In 1983 Murakami
and Endo used numerical stress analysis and observation of cracking from small sur√- - face defects to extend Frost’s approach to three-dimensional defects using Area
parameter to describe defect size [24]. Figure 2.1 illustrates the defect size parameter
is deﬁned as the square root of the area obtained by projecting a three-dimensional
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defect onto a plane perpendicular to the direction of maximum principle stress. Equation 2.2 relates the fatigue strength of the material as a function of the defect size
√
parameter Area where C and n are material constants with typically n = 6.

Maximum tensile stress direction

√
Figure 2.1. Deﬁnition of Area [22]

√
σwn Area = C

(2.2)

This thesis will also utilize particle surface area as a key parameter for describing
defect size of three-dimensional constituent particles.
The second category of approaches Murakami and Endo classiﬁed were those based
on a fatigue notch factor. The reviewed models were based on Peterson’s equation
[25] which relates fatigue strength to elastic stress concentration factor, Kt , and tip
radius, ρ, of a geometric discontinuity. Due to the complex geometries of real threedimensional defects, simplifying assumptions are necessary to approximate the value
of Kt for diﬀerent defects. The stress concentrating eﬀect of real constituent particles
with more complicated geometry in AA7050-T7651 plate alloys is diﬃcult to quantify.
This thesis addresses the potential applicability of classic analytical linear elasticity

11
solutions to gain insights into the stress concentrating eﬀect of constituent particles
[26, 27].
The third and ﬁnal category of models Murakami and Endo reviewed were classiﬁed as fracture mechanics approaches. Arguably most famous of these is the Kitagawa and Takahashi model of 1976 quantifying the fatigue threshold behavior of small
cracks [28]. Their key ﬁnding that fatigue threshold stress intensity decreases with
decreasing crack size sparked a large body of work in the ﬁeld of small crack growth.
The main strategy for the fracture mechanics class of fatigue strength models is to establish a threshold crack stress intensity range below which fatigue crack growth does
not occur. This relationship is applied to real defects and compared to experimental results. Many researchers developed improvements to Kitagawa and Takahashi’s
original model for threshold stress intensity, including Murakami and Endo in 1986
proposing the following relationship for steels [29].
√
ΔKth = 3.3 × 10−3 (Hv + 120)( Area)1/3

(2.3)

(Hv + 120)
σw = 1.43 √
( Area)1/6

(2.4)

Where Hv is the Vickers hardness of the material. A signiﬁcant feature of Murakami
and Endos model is the use of parameters historically related to fatigue strength,
√
Hv and Area to predict fatigue crack growth threshold. They found less than 10%
√
prediction error for notched and cracked specimens having Area less than 1000µm
within an Hv range of 70 to 720 [29].
The role of constituent particles as fatigue crack initiators in AA7050-T7451 is well
established and studied extensively by the Defence Science and Technology Organisation [14]. Barter et. al. examined around a thousand fatigue cracks and characterized
the distribution of initiation sites from constituent particles as a function of surface
depth of the particle.
Some studies have sought to characterize constituent particle morphology in 7050T7451 plate alloy, recognizing their relevance to fatigue [30]. Zhang et al. used a
plane sectioning sampling method to model the constituent particles as representa-
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Figure 2.2. Distribution of fatigue crack initiating particles (right)
and typical fatigue crack initiating from a sub-surface particle (left)
AA7050-T7451 (adapted from [14])

tive ellipsoids elongated and aligned with the rolling direction. Zhang et al. found
the aspect ratio of the representative ellipsoids ranged between 1.7 and 2.53. They
also found the maximum diameter was log-normally distributed with most particles
between 5µm and 20µm maximum diameter [30]. This thesis uses the same concept of representative ellipsoids to examine linear elastic solutions representative of
the stress ﬁelds developed by constituent particles. Very recently, advanced x-ray
tomography and nano-resolution holotomography techniques have been used to conduct statistical analysis of three-dimensional inclusion morphology for AA7050-T7451
plate alloy [31]. The researchers found that larger inclusion clusters are very likely
to be associated with porosity. Nizery et al. also found that for constituent particles above 5µm equivalent spherical diameter have a signiﬁcant probability of being
cracked in the as-received material. Chadwick et al. investigated the evolution of
constituent particle cracking on the surface of AA7050-T7451 with fatigue loading
and found constituent particles obliterated with brittle cracks [32]. Other research
on similar material AA2024-T351 found that cracked constituent particles must be
at least 5µm diameter to propagate cracks into the matrix [33].
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Before Fatigue

After Fatigue

Figure 2.3. SEM images of constituent particles on the surface of
AA7050-T7451 (A & B) in the as-received material and (C & D)
after fatigue obliterated particles propagating cracks into the matrix
(adapted from [32])

Based on the extensive characterization of constituent particle morphology already
conducted [14,30–32], it is reasonable to expect that a fatigue crack in AA7050-T7451
will encounter many constituent particles of various shapes, sizes and some with
existing cracks as it propagates through the material. Relevant theories have been
proposed to account for the role of dissimilar particles on crack deﬂections [34, 35].
As a crack impinges on the interface of a dissimilar elastic material, the crack may
either penetrate into the dissimilar material or deﬂect into the interface [34]. MingYuan He and Hutchinson in 1988 calculated and compared the energy release rates of
cracks either penetrating or deﬂecting into an interface at perpendicular and oblique
angles. As one would expect intuitively, they found the preference for crack deﬂection
into the interface increases with more oblique incident angles [34]. Also, the relative
compliance of the second material inﬂuenced the preferred direction of crack deﬂection
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either away from or towards the interface. Faber and Evans in 1983 applied a fracture
mechanics approach to determine the relative improvement in fracture toughness
based on the maximum crack tilts and twists induced by second phase particles of
various shapes [35]. Figure 2.4 shows a schematic representation of crack tilt and twist
deﬂections induced by two spherical particles. Notice that the ratio of non-twisted
crack segment, y, to twisted crack segment, y 0 is related to the twist angle,

y
y0

= cos(φ).

Faber and Evan’s theory relates the crack tortuousity to the morphology of second
phase particles. The relative toughening of the deﬂected crack over a purely planar
crack was estimated considering both the increase in fracture surface area (as a lower
bound) and the crack tip stress intensity reduction eﬀect (as an upper bound) similar
to Equation 1.3. They concluded that high aspect ratio second phase particles, spaced
such that twist angle between particles is maximized, are beneﬁcial for toughening
materials.

Figure 2.4. Schematic of twist and tilt fractions of crack front at
maximum twist between two spheres [35]

Suresh developed models to predict the eﬀect of crack deﬂections on fatigue crack
growth of a nominally Mode I crack [36]. Considering a crack path with undeﬂected
sections denoted S and sections deﬂected by an angle, θ, denoted D. The apparent
Mode I stress intensity range is a function of these as given by Equation 2.5 and
shown in the inset of Figure 2.5 [36].
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ΔKIapp = ΔKI
The apparent crack growth rate

da
dN app

(Dcos2 (θ/2) + S)
(D + S)

(2.5)

is determined as the weighted average of the

deﬂected crack growth projected onto the nominal Mode I crack path as determined
by equation 2.6 [36]. Where

da
dN

is the growth rate of an undeﬂected crack. Figure

2.5 illustrates the eﬀect of crack deﬂection angle on the crack growth prediction from
the model for a crack that is 25% deﬂected [36].
da
Dcos(θ) + S da
=(
)(
)
D+S
dN
dN app

(2.6)
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Figure 2.5. Schematic of the eﬀect of crack deﬂections on crack fatigue
crack growth predictions (adapted from [36])

Micromechanical models also relate crack growth deﬂections to roughness induced
closure [9]. Fatigue cracks tend to propagate in both Mode I and Mode II even if
the applied loading is purely tensile [2]. This eﬀect combined with fracture surface
asperities caused by crack deﬂections leads to premature fracture surface contact
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prior to minimum load, as illustrated by Figure 2.6 [9]. Revisiting Equation 2.5,
the predicted apparent Mode I stress intensity can be further reduced to account for
roughness induced closure to produce Equation 2.7 [9].

Figure 2.6. Schematic representation of a deﬂected crack in fully
opened condition at the peak load of fatigue cycle (on the left) and
relative mismatch between the fracture surfaces at the point of ﬁrst
contact during unloading (on the right) (adapted from [9])

ΔKIapp = ΔKI (

(Dcos2 (θ/2) + S)
Xtan(θ) 1/2
)(1 − (
) )
(D + S)
1 + Xtan(θ)
uII
X=
uI

(2.7)

Few studies have successfully observed three-dimensional fatigue crack interactions
with constituent particles in 7xxx series aluminum alloys, however, there is relevant
theory in literature to suggest that such microstructural features play a signiﬁcant
role in fatigue crack morphology [9,34–36]. There is a knowledge gap in the literature
on the eﬀect of constituent particle encounters on fatigue crack deﬂections in AA7050T7451 plate that this thesis seeks to address.
More recent eﬀorts to quantify crack preference for brittle constituent particles
include in-situ crack growth x-ray tomography experiments of AA7075-T6 [20]. This
study observed up to a 50% increase in the area fraction of constituent particles on the
crack surface as the crack grew [20]. Williams et al. also demonstrated the use of insitu x-ray tomography data to determine crack opening displacements throughout the
crack thickness. The presented measurements were spaced over the entire crack ﬂank

17
with limited resolution of the displacements near the crack tip. The analysis stopped
short of elucidating the underlying physics. The mechanism behind the apparent
crack preference for brittle constituent particles remains unobserved.
From this review of current literature, three key points are relevant to the proposed
investigation into the relationship between fatigue crack growth and constituent par√- - ticles in AA7050-T7451. One, Area is a useful size parameter for three-dimensional
defects and can be empirically related to fatigue strength. Two, the stress concentrating eﬀects of defects are important for fatigue and therefore the eﬀect of particle
geometry also needs to be considered. Three, while some researchers have observed
fatigue crack preference for constituent particles the inﬂuence of constituent particle
morphology on fatigue crack morphology in AA7050-T7451 is unquantiﬁed in the
current literature.
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3. SAMPLE MATERIAL AND SPECIMEN
PRE-CRACKING
3.1

Material Properties and Sample Orientation
The material tested was AA7050-T7451 3/4 inch rolled plate. Figure 3.1 shows

the orientation of the samples taken from the center thickness and aligned with the
rolling direction of the plate. Mello et al. characterized the grain structure for this
material as shown in Figure 3.2 [37]. Figure 3.2 shows the grains are elongated
and aligned with the rolling direction. The specimen orientation aligned with the
rolling direction was selected in order to maximize the number of grain boundaries
encountered to induce tortuous fatigue cracks. The macroscopic material properties
of this material loaded in the rolling direction were determined by experiments by
Mello et al. Average values from these results are presented in Table 3.1 [37].
Zhang et al. characterized the typical constituent particle and pore morphology
for AA7050-T7451 plate. Figure 3.3(b) illustrates the typical array of constituent
particle shapes and sizes. The composition of constituent particles are primarily

Table 3.1. AA7050-T7451 material properties L-T [37]
Property

Value Unit

Hardness, Vickers

177

HV5

Elongation at Yield

0.83

%

Ultimate Tensile Strength

511.55

MPa

Tensile Yield Strength (0.2%)

447.8

MPa

Modulus of Elasticity

71.2

GPa

20

rolling

dire ion

T-S

Figure 3.1. Sample orientation with respect to (L) rolling, (T) transverse and (S) thickness directions (adapted from Mello et al. 2016)
[37]

Al7 Cu2 Fe and some Mg2 Si [30,37]. For the material pedigree used in this thesis, Mello
et al. found that the detected levels of Mg2 Si to be negligible [37].

3.2

Specimen Geometry
The samples were designed considering ASTM guidelines for small crack growth

tests [16]. The samples were manufactured using wire electrical discharge machining
(EDM) to minimize residual stresses. The samples were designed with cylindrical
ends to ﬁt in the collet grips of the portable load frame used for in-situ x-ray tomography. The gauge section was necessarily small to achieve a high resolution from
x-ray tomography. A 1.5 mm × 1.5 mm square section with a corner edge notch
was selected to achieve a longer crack front for a given crack length compared to
a through-thickness crack. Nominal Mode I crack growth is perpendicular to the
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Col or Code Map
11 1

00 1

1 01

Figure 3.2. Typical grain shapes and inverse pole crystallographic
orientations (a) L-T, (b) T-L, and (c) T-S [37]

rolling direction. This maximizes the number of grains the fatigue crack encounters
as it grows through the material. The corner notch conﬁguration was also selected
to induce a tortuous crack path so that the eﬀects of crack deﬂections could be observed. Nominal specimen dimensions are shown in Figure 3.4. Figure 3.7 shows the
wire EDM surface near the root of the notch.

3.3

Elastic Notch Stress Concentration Factor
To determine fatigue loading parameters necessary to pre-crack the specimens, an

estimate of the elastic stress concentration factor of the corner notch was required.
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(a) Micropores

(b) Constituent particles

Figure 3.3. Examples of typical cross sections of pores and constituent
particles on the center L-T plane of AA7050-T7451 rolled plate [30]

Due to the complex geometry of the notch, simple analytical methods were insuﬃcient
for determining the elastic notch stress concentration factor, Kt [38].
The AUTODESK Fusion 360T M ﬁnite element analysis software was used to model
the specimen geometry and estimate Kt . Quadratic ten-node tetrahedral elements
were selected for this problem. Three-dimensional elements were necessary due to
the multi-axial stress state at the corner notch (neither plane strain or plane stress
approximations are appropriate). The quadratic elements are also ideal because they
can accurately model curved geometries. Boundary conditions were applied at the
top and bottom surfaces of the model to simulate tensile loading. Von Mises stress
solutions were obtained for diﬀerent tensile loads until the notch stress approached
the yield point of the material. Figure 3.5 illustrates the ﬁnite element mesh at the
corner notch.
The analysis indicated Kt ≈ 3.0 at the notch root. The approximate linear elastic
relationship between the applied load P (in Newtons) and the stress at the notch, σn
(in MPa), is given by Equation 3.1.
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Figure 3.4. Specimen geometry all dimensions in mm

σn ≈ 1.72P

3.4

(3.1)

Pre-cracking
The pre-cracking test procedure was designed considering ASTM guidelines for

small crack growth tests [16]. Standard procedures for larger cracks are not practical for in-situ crack initiation of smaller cracks. Tension-tension constant amplitude
loading was selected over other possible pre-cracking techniques due to the design of
the collet grips, which are prone to loosening under compressive or reversed loading.
Tension only loading also has the added beneﬁt of preserving the crack surface topog-
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341.8 MPa

300

150

75

1.1

Figure 3.5. Finite element mesh and Von Mises stress contours (MPa)
showing stress concentration at the notch root

raphy. Typical load reduction pre-cracking procedures begin with a relatively high
stress range until a crack is detected, then the stress range is progressively reduced
as the crack grows until the desired stress range and growth rate is achieved [16].
This approach creates a large plastic zone near the notch root. The load reduction
technique is not practical for small in-situ FCG tomography specimens, as there is
insuﬃcient material in the specimen ligament to grow the pre-crack out of this plastic zone. Other studies have successfully used compression-compression pre-cracking
techniques to produce pre-cracks with less plasticity at the crack tip [39]. Due to
the collet grip limitations compression pre-cracking was not practical. The natural
pre-cracking technique used in this study initiated pre-cracks in-situ, avoiding the
need to crack a larger specimen and then machine a smaller tomography specimen
including the crack tip, as has been done for other studies [20].
Military Handbook 5H stress-life data, taking into account the elastic notch factor
Kt = 3, was used to initially estimate the applied stresses corresponding to high and
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low cycle fatigue regimes [40]. The goal for the high cycle fatigue (HCF) samples was
to generate in-situ a surface crack between 104 and 105 cycles. The goal for the low
cycle fatigue (LCF) samples was to establish stable fatigue crack growth via a low
number of cycles between 103 and 104 cycles. Figure 3.6 shows the fatigue cycles and
nominal maximum stress of the pre-cracked samples compared to Military Handbook
5H stress-life data. Notice that the cycles to initiate a crack for pre-cracked samples
shows generally good agreement with the handbook stress-life data.
7050 PLATE Kt • 3. 0
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Figure 3.6. Pre-cracked specimen cycles to crack initiation (overlay
in blue) compared to Figure 3.7.3.2.8(c) of MIL-HNDBK-5H [40]

Figure 3.8 shows the experimental set-up for pre-cracking. All pre-cracking tests
were force controlled, hydraulically actuated constant amplitude tension-tension fatigue loading at R = 0.05. A Manta Allied digital camera ﬁtted with a Mitutoyo
10x lense was used to monitor the surface of the notch. As Figure 3.7 shows, visual detection of a fatigue crack was challenging due to the surface roughness of the
specimens.
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Figure 3.7. Specimen surface near notch root

Using the stress-life data in Figure 3.6 as a guide, the fatigue cycles for each
specimen were applied in blocks of cycles at 5Hz. At the end of each block of cycles,
the frequency was reduced to 1Hz to visually check for cracking. Cracks tended to
initiate in the center of the notch and grow out towards the corners of the notch. It
was diﬃcult to conﬁdently resolve the crack until it had propagated out of the notch
root and onto the free surfaces of the specimen. Once a crack had crown out to one
of the free surfaces, the crack mouth could be seen opening and closing during the
low frequency cycles. Fatigue loading was continued until the crack had propagated
to both free surfaces either side of the notch. Following the crack opening along one
free surface of the sample, it was possible to estimate the crack length. Pre-cracking
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was stopped once a surface crack between 150µm to 300µm estimated length was
observed.

Figure 3.8. Specimen pre-cracking set-up

Steel adapters were designed to hold and align the cylindrical specimens in the
wedge-type MTS grips. The adapters were designed with a collet on one end and a
smooth tab on the other. Axial alignment of the sample in the adapters was achieved
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through the self-aligning nature of the collets. Rotational alignment of the adapter
tabs was achieved using a bench mounted clamp to hold the adapters in proper
alignment while the collet nuts were tightened. Figure 3.9 shows the adapters ﬁtted
to a test specimen. Drawings for the adapters are included in Appendix B.

Figure 3.9. MTS adapters ﬁtted to test specimen
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3.5

Corroded Samples
After pre-cracking was completed, Specimen 3C and 2A were immersed for 72

hours in 3.5%Wt NaCL solution to induce corrosion. The intent was to evaluate if oxide
induced closure of the crack surface could be observed in the tomography experiments.
A PVC container with holes for seating the specimen was sealed with silicone. A
stainless steel wire and 316 stainless steel bolt was then connected to the specimen
before immersing the gauge section in NaCl solution. The NaCl solution forms an
electrolyte bridge between the aluminum specimen and the steel bolt. The stainless
steel, as the more noble metal in the galvanic circuit, serves as the cathode [38].
Figure 3.10 shows the corrosion set-up so as to preserve the surface of the ends of the
specimen and avoid issues with the collet grips.

Cont ainer

Figure 3.10. Corrosion apparatus to preserve ends of specimen

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

270N

270N

270N

500N

700N

825N

825N

270N

3A

4A

1B

5B

1C

2C

3C

R

2A

Sample ID Pmax

114550

1516

5500

4800

17000

145100

250000

51000

HCF

LCF

LCF

LCF

LCF

HCF

HCF

HCF

300

300

300

200

170

110

200

200

Pre-crack cycles High or Low Cycle Fatigue Est. crack length (µm)

Table 3.2. Overview of pre-cracked specimens
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4. X-RAY SYNCHROTRON COMPUTED
MICRO-TOMOGRAPHY EXPERIMENTAL METHOD
In-situ crack opening and crack growth µXSCT experiments were carried out between
14th and 17th March 2017 at beamline 2-BM of the Advanced Photon Source (APS)
at Argonne National Laboratory.

4.1

Load Frame
A portable frame mounted on the rotational stage of the beamline applied axial

loads to the sample via a displacement controlled screw-driven motor. Figure 4.1
shows the portable load frame installed on the 2-BM beamline at APS.
Specimens were gripped in the frame using ER-11 type collets. A machined alignment plate in the frame allowed for ﬁne alignment of the collet grips to prevent oﬀ
axis loading. The axial load was monitored using a model SML-1000-16 load cell
transducer connected to a voltage ampliﬁer. Prior to setting up the experiment, the
voltage response from the ampliﬁer was calibrated using a Mark-10 ESM303 tensile
tester to obtain the following relationship between voltage response in millivolts and
applied load (P) in Newtons.

P = 1.626(mV) + 93.228

(4.1)

Once installed at 2-BM, the voltage ampliﬁer was connected to a digital multimeter connected to the beamline control computers such that the axial load in Newtons
was captured and saved in the ﬁle name for each scan. Monotonic motor displacement
was controlled from a laptop using a control box, ampliﬁer, Copley Motion Explorer
2 V7.0 control software [41] and a USB interface. In-situ displacement controlled
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Figure 4.1. In-situ tomography experimental set-up at 2-BM Argonne
National Laboratory

low cycle fatigue loading was achieved using a Python script developed in-house to
command a triangular periodic displacement with frequency ≈ 0.3Hz.

4.1.1

Sample Installation and Removal

Sample installation and removal was a very delicate process due to the threaded
collets used to grip the sample ends. The collet nuts needed to be very tight to avoid
slipping in the collet grips. To improve friction, diamond paste was also applied to
the sample ends before installation in the collets. Great care was required during the
tightening and loosening of the collet nuts to avoid transmitting excessive axial or
torsional loads through the gauge section of the specimen. Axial load was relieved
by adjusting the motor position while the collet nut was slowly loosened/tightened.
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Torsional loads through the specimen were avoided by supporting the collet holder
with a wrench. Despite these precautions, one of the four samples tested did sustain
an excessive torque load during installation, as became apparent after tomography
reconstruction of the sample volume revealed plastic shear strain in the gauge section.
3-D renderings of the tomography reconstruction for Specimen 4A is included in
Appendix C.

4.2

Beam Settings
An x-ray energy of 24.9keV was used to penetrate a sample volume of approxi-

mately 1500µm x 1500µm x 2230µm. X-ray radiographs were collected with 200msec
exposure time per scan as the sample was rotated through ±180◦ at a velocity of 0.5◦
per second. Each scan took ˜8min to complete. The sample was positioned 7.5cm
from the detector to achieve a pixel size of 0.87µm. A pixel size of 0.87µm means the
smallest feature in the image that can be resolved is 1.74µm in size.

4.3

In-house TomoPy Script
The APS beamline scientist adapted their in-house tomography reconstruction

script [42] to account for instances when the sample was shadowed from the beam
by the posts of the load frame. Using the in-house code, rough tomography reconstructions were completed in less than an hour. This allowed for nearly real-time
monitoring of the FCG experiments via tomography.

4.4

In-situ Fatigue Crack Growth Procedure
In-situ low cycle fatigue crack growth tests were conducted in displacement con-

trol. To minimize eﬀects of stress relaxation and sample elongation due to crack
growth, the in-situ fatigue test was conducted in interrupted blocks of around 100
to 400 cycles. For each block, motor position values corresponding to maximum and
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minimum loads were recorded and prescribed. At the end of the fatigue block, the
sample was loaded to Pmax and a tomography scan was taken. The load response
was monitored and the motor minimum and maximum positions updated at the start
of each block to ensure nominal constant amplitude loading at Pmax = 825N and
R=0.05. This process was repeated until the specimen failed. Figure 4.2 compares
the measured axial load and number of fatigue cycles for each µXSCT scan taken for
both FCG specimens until failure.
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Figure 4.2. Summary of FCG scans conducted for two specimen from
pre-crack to failure
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4.5

In-situ Crack Opening Procedure
Crack opening experiments were conducted on the high cycle fatigue samples.

Each crack opening experiment involved successive tomography scans as load was
incremented through one cycle. Nominal loads for each set of scans were 13N, 40N,
65N, 90N, 115N, 140N, 165N, 190N, 215N, 243N and 270N. Each experiment required
21 scans to complete one cycle.
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Figure 4.3. Schematic of in-situ tomography scans to capture crack
opening and closing through one load cycle
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4.6

Overview of the Samples Tested and Data Collected
To save precious beam time at 2-BM, the two high-cycle fatigue samples tested

were scanned ﬁrst and then removed and transported back to Purdue University for
further high cycle fatigue loading on the MTS. Specimen 4A was loaded in the MTS
for an additional 50,000 cycles and Specimen 3C for an additional 10,000 cycles. The
samples were then re-installed at 2-BM and scanned to capture fatigue crack growth
as well as crack opening.
Approximately 150 tomography scans equating to 3TB of raw data was collected.
Specimen 4A was intended as a non-corroded comparison to Specimen 3C. Further
analysis of Specimen 4A was discontinued due to the excessive torque discovered after
the experiments were reconstructed.

Sample sustained plastic torque strain during installation
Additional cycles on MTS
Sample was corroded after pre-cracking
Additional cycles on MTS
Additional cycles in-situ

Crack Opening at 145140 cycles

Crack Opening at 195100 cycles

Crack Opening at 114590 cycles

Crack Opening at 124555 cycles

Crack Opening at 128635 cycles

Fatigue Crack Growth from 4800 cycles Specimen failed at 7800 cycles

Fatigue Crack Growth from 1556 cycles Specimen failed at 4166 cycles

4A

3C

3C

3C

1C

2C

Comment

4A

Sample ID Experiment

Table 4.1. Overview of tomography experiments completed
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5. RECONSTRUCTION AND VISUALIZATION OF
FATIGUE CRACKS
This section details the method used to reconstruct the 3-D crack, aluminum matrix,
pores and constituent particles starting from the raw x-ray radiographs obtained at
Argonne National Labs. The process can be broken down into four stages: Image
Reconstruction, Post Processing, Thresholding/Segmentation and Visualization.

5.1

Image Reconstruction
Image Reconstruction generates a stack of 32-bit greyscale intensity images of

2560×2560 pixels with a pixel size of 0.87µm. Each slice is spaced one pixel apart to
represent a 3-D volume with a corresponding voxel size of 0.87×0.87×0.87µm3 . The
Python based reconstruction software package TomoPy was used to reconstruct the
tomography images [42]. TomoPy utilizes a ﬁltered back projection reconstruction
algorithm. Finding the center of rotation for each set of sonograms is the ﬁrst task
to generate high quality reconstructions. This was achieved for each scan by reconstructing one slice multiple times over a range of center values and comparing the
results. Streaks, blurred edges and star-shaped artifacts were tell-tale characteristics
of an image with an incorrect center. The best of the trial images was selected and
the corresponding center value used to reconstruct the full 3-D volume. Some reconstruction artifacts cannot be removed with an accurate center of rotation alone. Ring
artifacts and streak artifacts from beam hardening are a common occurrence in phase
contrast computed micro-tomography [42]. Correction features are available in the
TomoPy software for ring removal. The ring removal function tends to remove ring
artifacts from the center of the specimen image, but was less eﬀective in removing
artifacts near the free surfaces of the specimen. The ring removal also reduced the
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sharpness and contrast of the reconstructed image. This was an important consideration for the post processing and thresholding stages that will be discussed later. For
automated thresholding, images treated with ring removal worked best. For manual
thresholding, images not treated with ring removal were better because the image
contrast and sharpness was higher. The persistent ring artifacts were identiﬁed and
removed during the later segmentation/labeling phase.

5.2

Post Processing
Open source scientiﬁc image processing program ImageJ [43] was used for post

processing of the reconstructed tomography images. Each image stack was aligned
and cropped to isolate the volume of interest. Cropping the region of interest for
each reconstruction improved the eﬃciency of post-processing by reducing the image
size and hence the computations needed for each step. Smoothing and de-noising
operations were critical for successful automated thresholding results. For manual
thresholding, contrast enhancement operations made it easier to select a good threshold.

5.3

Thresholding and Segmentation
The goal of image thresholding is to determine the subset of 32-bit greyscale

intensities that correspond to objects in the image. Segmentation resolves the position, size and shape of objects within the 3-D volume based on the threshold. The
sharpness, contrast, noise levels and reconstruction artifacts present in the reconstructed tomography image can make the thresholding/segmentation stage the most
time-consuming step in the analysis process. Diﬀerent thresholding techniques are
appropriate depending on the intended analysis. For the crack closure analysis, displacements of the crack surface were very small and unable to be resolved using the
same ﬁxed threshold settings image to image. This was due to global variations in
the greyscale intensities of features from image to image, meaning that for a ﬁxed
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threshold setting, some images would capture more of the crack surface and some
less, masking the evolution of crack displacement under varying load. Automated
thresholding and segmentation in ImageJ was used to achieve a repeatable threshold
and segmentation that reliably captured the change in thickness of the crack as load
was cycled. Of all the thresholding and segmentation algorithms available in ImageJ,
the Otsu method proved the most reliable for resolving the crack. Figure 5.1(a) shows
a Scanning Electron Microscope (SEM) image of the lower fracture surface of Sample
2C obtained post failure. Figure 5.1(b) shows the reconstructed surface of the crack
close to failure using the Ostu thresholding method.
Manual thresholding and segmentation using Avizo [44] software was used for
the analysis of the constituent particle inﬂuenced crack growth. The post-processed
reconstructed greyscale images were rendered as a 3-D volume and manual thresholds
set for voids (including the crack and pores), aluminum matrix, and constituent
particles. Due to global variations in greyscale intensities from sample to sample, the
manual threshold ranges selected varied slightly sample to sample and scan to scan.
Typical normalized threshold ranges were around 1.0 − 0.85 for constituent particles
and around 0.2 − 0.0 for the crack and pores. The set of remaining intensities
were assigned to the aluminum matrix. Avizo utilizes a 3-D watershed algorithm to
segment the individual objects in the image based on the selected threshold [44]. The
resulting 3-D image resolved the crack, as well as the constituent particles and pores.
At this point, any remaining reconstruction artifacts were identiﬁed by comparing
features between two scans of the same sample at diﬀerent crack lengths and then
removed manually. Avizo assigns a unique identiﬁcation number to each constituent
particle, allowing quantitative size, shape and position data to be extracted. 3-D
measurement tools were also used to measure the distances between particles and
the crack, advance of the crack front, and crack deﬂections as the crack intercepted
constituent particles.
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(a) Ex-situ SEM fracture surface

(b) In-situ reconstructed crack (Otsu threshold)

Figure 5.1. Example of crack surface reconstruction using Otsu
thresholding method

5.4

Visualization
For the crack thickness analysis, each segmented image stack of the crack was

rendered in ImageJ using the VolumeJ [45] and Local Thickness Mapping [46] plugins
to produce a rendering of the crack surface with a color map corresponding to the local
thickness of the crack in microns. The crack opening was visualized by comparing
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the changes in the local thickness map with cycling load. These results are detailed
in Section 8.
Constituent particle inﬂuenced crack growth was observed directly in Avizo by
rendering the segmented 3-D volume, with the crack and pores colored blue, the
constituent particles colored red and the aluminum matrix rendered transparent. 3D crack growth and interaction with constituent particles was observed by overlaying
aligned renderings in Avizo. This method of 3-D visualization allowed for direct
measurement of local crack growth, crack path, particle area and centroid position.
These results are detailed in Section 6. Figure 5.2 shows a 3-D visualization of the
propagating crack for Sample 1C as the crack front (blue) propagates through the
dispersion of constituent particles (red).
a) 5651 Cycles

b) 6051 Cycles

c) 7401 Cycles

L

L

Figure 5.2. Avizo 3-D visualization of FCG reconstruction for Specimen 1C
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6. FATIGUE CRACK GROWTH RESULTS AND
ANALYSIS
This section presents the analysis technique used to observe and quantify fatigue
crack interactions with constituent particles. The results of this analysis are used to
establish a model to predict fatigue crack deﬂections based on the particle surface
area and the distance from the particle to the projected crack path.

6.1

Fatigue Crack and Particle Interactions Analysis Technique

6.1.1

Measuring and Identifying Particles

For each FCG experiment, tomography reconstructions were produced using the
methods described in Section 5. Figure 5.2 shows 3-D renderings of the crack front and
constituent particles for Specimen 1C. Analysis of the crack growth and deﬂections
was conducted using measurement tools within the Avizo [44] software package. For
each sample, two reconstructions taken at diﬀerent fatigue cycles were aligned and
compared to identify the growth of the crack front. Particles that were intercepted
by the crack front within the observed increment of growth were identiﬁed and the
angle between the nearest surface of the particle and the apparent crack path was
measured. This angle along with the shortest distance between the particle and the
crack front was used to calculate the distance, d, from the apparent crack path. The
deﬂection distance is shown schematically in Figure 6.1.
The size of the particle was characterized using the three-dimensional surface
area calculated using the Area3d measure native to the Avizo software package [44].
This process was repeated for all particles that were encountered by the crack front
within the observed increment of growth. Using the observed increment of growth
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Figure 6.1. Schematic of the deﬂection distance d of a particle from
the projected path of a fatigue crack

as a relevant length scale, the other particles that were in the region of interest, but
were not encountered by the crack front were also identiﬁed. The region of interest
extended up to ±90◦ from the apparent crack path.

6.1.2

Treatment of Particle Clusters

The schematic depiction of the crack/particle interaction in Figure 6.1 assumes
a single particle in a continuous matrix. Special consideration of particle clusters is
required to compare single dispersed particles to clusters of smaller particles. For this
study a cluster was deﬁned as any two or more particles with an equivalent spherical
diameter much larger than the distance separating them. For such particle clusters,
the closest particle surface was used to measure the angle from the apparent crack
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path and distance from the crack tip. The Area3d parameter for the cluster is the
sum of the 3-D surface areas of the member particles.

6.2

Overview of Samples
Three specimens named 1C, 2C and 3C were analyzed. Figure 6.2 shows 3-D

reconstructions of the crack front and constituent particles for Specimen 2C and 3C.
Table 6.2 summarizes the various crack sizes sampled and loading parameters for
each specimen, where aavg is the average distance from the corner of the specimen to
the encountered particles, daavg is the average measured advance of the crack front
through each encountered particle. Crack growth rate at an encountered particle
was estimated by measuring the advance of the crack front between two 3-D images
through the encountered particle. Sampling was taken over as wide as practical range
of crack lengths and applied stress. The limiting factor preventing in-situ experiments
at higher stable crack growth rates is the tiny sample volume necessary for high
resolution x-ray synchrotron micro-tomography.
a) Specimen 2C

L

b) Specimen 3C

L

Figure 6.2. 3-D visualization in Avizo of crack front and constituent
particles of Specimen 2C and Specimen 3C
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Table 6.1. Overview of specimen fatigue cracks sampled for constituent particle encounters
Specimen ID Pmax

R

Cycles between scans daavg (µm) aavg (µm)

1C

825N

0.05

400

64

557

1C

825N

0.05

200

76

914

2C

825N

0.05

800

124

621

3C

270N

0.05

14080

57

534

Note Specimen 3C was also corroded after pre-cracking. The sample of Specimen
1C at a crack length of approximately 1mm, as shown in Figure 5.2(c) & (d), is the
penultimate increment of stable crack growth before the sample failed.

6.3

Comparing Diﬀerent Samples and Particle Encounters
For the purposes of comparison between diﬀerent constituent particle encounters,

it is useful to estimate the crack growth rate and approximate Mode I stress intensity
range of each observed particle encounter. These approximate calculations were compared to AA7050-T7451 rolled plate FCG data available in the literature to establish
where the observed particle encounters sit in relation to the stage I and stage II FCG
regimes.

6.3.1

Approximate Stress Intensity Factor

The approximate Mode I stress intensity factor, assuming a quarter circular planar
corner crack in a semi-inﬁnite plate was calculated using Equation 6.1 [47].
√
ΔK ≈ 1.41ΔS a

(6.1)

Where a is taken as the distance from the constituent particle to the notched
corner of the specimen. The actual specimens are of-course not semi-inﬁnite and
free surface eﬀects are not negligible. More complicated relationships derived from ﬁ-
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nite element models for crack tip stress intensity factors for a quarter-elliptical corner
crack in a ﬁnite plate show that the SIF varies along the crack front [48]. The approximate calculation of Equation 6.1 is suﬃcient for the purposes of comparing diﬀerent
particle encounters from diﬀerent samples and also shows reasonable agreement with
independent fatigue crack growth data for AA7050-T7451 [49, 50]. Przystupa et al.
1993 tested AA7050-T7451 samples of various orientations under tensile fatigue loading with maximum stress of 240 MPa, R = 0.1 and Δσ = 216 MPa and reported the
following Paris relationship [50].
da
= 6.662 × 10−12 (ΔK)4.175
dN

--

(6.2)

Equation 6.2 is inaccurate for SIF ranges in the near threshold region. Experimental data for FCG at near threshold intensity ranges is available in engineering
handbooks [49]. Damage Tolerant Design Handbook [49] FCG data shown in Figure
6.3 was obtained for loading in the rolling direction at R = 0.0.
Figure 6.3 shows the measured crack growth rates at the encountered particles for
each of the three specimens plotted against the approximate Mode I stress intensity
factor at each particle encounter. Specimens 1C and 2C show particle encounters
in the Paris region (stage II FCG regime). Sample 3C shows particle encounters in
the near threshold (stage I FCG regime). The observed particle encounters cover
a range of approximate crack tip stress intensity factors from near threshold up to
16.5MPa.m1/2 . It should be noted that the calculated stress intensity ranges presented
here are approximate and do not account for crack closure eﬀect and thus can be
considered an upper-bound estimate. For further results on stress intensity factor
corrections to account for crack closure in the near threshold region, see Section 8.

6.4

Results
Having established the applicable FCG regime for each sample, this section presents

the empirical relationship between constituent particle size and crack deﬂections.
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Figure 6.3. Measured crack growth rates at encountered particles with
approximate Mode I SIF range compared to independent test data

Figure 6.4 shows the deﬂection distance and particle 3-D surface area for both
encountered and not encountered particles for Specimens 1C and 2C at a SIF range
around 11MPa.m1/2 . A clear trend appears between the particle size and the critical
distance to the crack path. Using a visually best ﬁt, an empirical model is proposed
for the critical distance for a crack to deﬂect to encounter a particle.
√
dcrit = α A

(6.3)

Where α is a dimensionless ﬁtting constant. For all ﬁgures presented in this section
α = 0.7. A is particle 3-D surface area. If a particle is less than the critical distance
away from the projected crack path, the model predicts the crack will deﬂect to
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Figure 6.4. Measured particle surface area and deﬂection distance d
for Samples 1C and 2C at ΔK ≈ 11MPa.m1/2

encounter the particle. Figure 6.4 shows a notable outlier, Particle A, that appears
to violate this model. Observing the crack-particle interaction in 3-D, Figure 6.5
shows the reason the particle was not encountered was due to the crack preference
for a smaller particle that required less deﬂection from the projected crack path.
Note that both particles are within the critical distance for crack-particle interaction
predicted by Equation 6.3 however due to the orientation of both particles above each
other in the direction of loading, the crack displays nearest neighbor behavior.
Figure 6.6 shows the deﬂection distance and particle surface area for the encountered and not encountered particles for Sample 1C at a SIF range around 16.5MPa.m1/2 .
Interestingly the observed crack deﬂections also follow a similar trend to Figure 6.4.
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Figure 6.5. 3-D rendering of particle A and orthogonal slices showing
crack preference for a smaller particle that is closer to the reference
crack path (predominant direction of crack growth is left to right and
out of the page)

Crack/particle encounters for Specimen 3C are shown in Figure 6.7 at a SIF range
around 3.5MPa.m1/2 . Equation 6.3 also ﬁts the data, with the notable exception
of Particles B and C. Figure 6.8 shows a 3-D rendering of particles B and C and
orthogonal virtual sections showing crack branching prior to intercepting both Particle
B and Particle C (predominant direction of crack growth is right to left and out of
the page). Crack branching is possibly due to the particle cluster directly above, or
may be due to other microstructural features not resolvable using x-ray tomography
such as grain boundaries/orientation. In any case, the branched nature of the crack
accounts for the higher than expected apparent crack deﬂection for the observed
particle size. This example illustrates a limitation of the simple model in predicting
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Figure 6.6. Measured particle surface area and deﬂection distance d
for Samples 1C and 2C at ΔK ≈ 16.5MPa.m1/2

crack/particle interactions in the case of crack branching and particle cluster eﬀects.
Potential further work in particle cluster eﬀects is described in Section 9.
The observed critical distance for crack deﬂection towards a constituent particle
is remarkably similar across a range of diﬀerent crack sizes, growth rates and applied constant stress amplitudes. This provides compelling evidence that the surface
roughness and tortuosity of a fatigue crack is inﬂuenced by constituent particles.

6.4.1

Relationship to Murakami and Endo’s Parameter

Having established a relationship between crack deﬂection distance and the 3-D
surface area of a particle, it is valuable to relate this back to Murakami and Endo’s
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Figure 6.7. Measured particle surface area and deﬂection distance d
for Samples 1C and 2C at ΔK ≈ 3.5MPa.m1/2

√
defect size parameter, Area, where the Area is calculated by projecting the defect
onto the plane perpendicular to the direction of maximum principle stress [24]. Assuming the constituent particle to be an aligned prolate spheroid of minor dimension,
Dx = Dy and major dimension, Dz , the surface area of the spheroid is given by
Equation 6.4 [51]. The surface area of the projection of the spheroid onto the plane
perpendicular to the loading direction, z, is simply a circle as given by Equation 6.5.

Asph = 2π Dx2 (1 +

Dz
arcsin(e))
Dx e

where

Acirc = π Dx2

e2 = 1 − (

Dx 2
)
Dz

(6.4)

(6.5)
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Figure 6.8. 3-D rendering of particles B and C and orthogonal slices
showing crack branches prior to intersecting both particles (predominant direction of crack growth is right to left and out of the page)

The surface area of the spheroid, Asph , can be expressed as a function of Acirc and
the particle aspect ratio, Ar =

Dz
,
Dx

by substituting Eq. 6.5 into Eq. 6.4 to obtain

Equation 6.6. Equation 6.3 can now be expressed in terms of the Murakami and
√
Endo parameter, Area, for a given particle aspect ratio, Ar , resulting in Equation
6.7. Typical particle aspect ratios range between 2.53 and 1.7 [30]. Based on this,
typical values of α∗ range between 1.76α and 2α.

Asph = 2Acirc (1 + (Ar

p
p
−2 −1
1 − A−2
r sin( 1 − Ar )) )

(6.6)

56

√
where
dcrit = α∗ Area
p
p
2
−2 −1 1/2
α∗ = α(2 + 2(Ar 1 − A−
r sin( 1 − Ar )) )

(6.7)
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7. CONSTITUENT PARTICLE STRESS ANALYSIS
The purpose of this section is to provide insight into the stress ﬁelds developed by
constituent particles using analytical closed-form linear elasticity solutions available
in the literature. The stress analysis forms a physical basis for the crack/particle
interactions observed in the experiments. Two distinct cases are considered, ﬁrst
where the particle is intact and second where the particle is fractured. In many
cases observed by others [21, 30–32] cracked constituent particles are often already
present in the as-delivered material prior to any in-service loading. As a surface
crack propagates through the material, it may encounter either fractured or intact
particles. Figure 7.1 shows the simpliﬁed scenarios considered here of a Mode I crack
propagating into a stress ﬁeld produced by a constituent particle that is either intact,
or cracked.
2a

y

■---------------------------------projected crack path

■---- projected crack path

(a) Intact particle (Case I)

(b) Fractured particle (Case II)

Figure 7.1. Coordinate system for constituent particle stress analysis
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7.1

Case I: Intact Elliptical Particle
The elastic stress ﬁeld caused by an elliptical particle inclusion was presented by

Eshelby in 1957 [26]. The implementation of the Eshelby solution by Mura in 1987 [52]
is summarized here. First consider an ellipsoid region Ω in an inﬁnite homogeneous,
isotropic, and linear elastic medium D that undergoes a change in shape and size.
Under the constraint of the matrix, the particle has an arbitrary homogeneous strain
called the eigen-strain, ∗ . The strains in Ω are uniform [26] and the matrix strains
are given by Equations 7.1 and 7.2 [52].

ij = Sijkl ∗kl

(7.1)

x∈Ω
ij (x) = Dijkl ∗kl

(7.2)

x∈D−Ω
Where Sijkl is the Eshelby tensor and Dijkl is the disturbance tensor both are
determined via complicated elliptical integrals [52]. The objective now is to use
Equations 7.1 and 7.2 to evaluate the elastic ﬁelds of an ellipsoidal constituent particle
∗
and matrix with stiﬀness Cijkl subject to externally applied
with stiﬀness tensor Cijkl

remote stress σij∞ . The strain and stress ﬁelds in the constituent particle and the
matrix are then given by Equations 7.3, 7.4, 7.5 and 7.6 [52].

∞
ij = ij
+ Sijmn ∗mn

(7.3)

∈Ω
∗
∗
− mn
)
σij = σij∞ + Cijkl (Sklmn mn

(7.4)

∈Ω
∞
+ Dijmn (x)∗mn
ij (x) = ij

x∈D−Ω

(7.5)
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σij (x) = σij∞ + Cijkl Dklmn (x)∗mn

(7.6)

x∈D−Ω
Meng et al. in 2012 developed a MATLAB code [53] based on the Mura 1987
implementation to solve the Eshelby equations for the stress ﬁeld using the material
and geometric properties detailed in Table 7.1 as inputs.
Table 7.1. Meng et al. MATLAB code input variables [53]
Parameter

Deﬁnition

Em

Young’s modulus of the matrix

Eh

Young’s modulus of the constituent particle

vm

Poisson’s ratio of the matrix, assumed to be
0.3

vh

Poisson’s ratio of the constituent particle, assumed to be 0.3

dim

Ellipsoidal dimensions [Dx Dy Dz ]

ang

rotation angles around coordinate axes; In
this analysis the ellipse is aligned with the
coordinate axes.

stressvec

Remote stress σij∞ ; In this case uniaxial tension in z.

eigp

initial eigen-strain; This was described by Eshelby as the stress free strain [26] and is the
strain that the constituent particle would experience if the constraints of the matrix and
remote applied stress were removed.

Grid

3-D grid of points where the solutions are
evaluated.
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The input values are dimensionless, however results can be given physical meaning
if a consistent unit system is used in input variables. Using input values representative
of AA7050-T7451, the Eshelby solutions are used to model the Mode I stress σz as
a function of distance from the edge of the particle. Aluminum 7050-T7451 brittle
constituents are primarily Al7 Cu2 Fe with some Mg2 Si also present [30]. Modulus of
particles has been measured by others using nanoindentation. Reported values for
Al7 Cu2 Fe range from around 115GPa to 160GPa and Mg2 Si range from around 81GPa
to 99GPa [54]. For the purposes of illustration of the stress theory, the isotropic
modulus for AA7050-T7451 matrix is assumed to be the same as the bulk modulus of
71.2GPa and the constituent particle modulus is assumed to be 160GPa. The range of
ellipsoid dimensions representative of the constituent particles has been characterized
by Zhang et al., with the majority of ellipsoids elongated along the rolling axis with
an aspect ratio range from 1.7 to 2.53 and a typical maximum diameter range between
5µm and 20µm [30].

7.1.1

Incoherency Strain Approximation

Very little is known about the incoherency strain of the constituent particles in
AA7050 alloys. Some incoherency is expected to exist due to diﬀerences between
the intermetallic Al7 Cu2 Fe particle crystal structure which is nominally tetragonal
(a = 6.336Å , c = 14.87Å , space group P4/mnc) [55] and the nominally FCC
(a = 4.04Å) aluminum matrix [38]. Quantifying the eigen-strain is a non-trivial task
that may require atomistic simulations or experiments and is outside the scope of
this thesis. The elastic strain range for this material is around 0.8% [37]. Figure
7.2 shows the eﬀect of a ±0.2% eigen-strain on the Eshelby stress solution for an
elliptical particle of dimensions [5µm,5µm,10µm]. Notice that the stress ﬁeld near
the constituent particle/matrix interface is sensitive to the eigen-strain, however the
distance away from the particle where the stress tends to the remote stress is relatively
insensitive to the eigen-strain.
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Figure 7.2. The eﬀect of ±0.2% eigen-strain on normalized stress
(σz /σo ) as a function of distance along z from the end of an elliptical
particle of dimensions [5,5,10]µm

7.1.2

Eshelby Stress Solutions

Eshelby stress solutions are presented here for elastic ellipsoids representative
of Al7 Cu2 Fe constituent particles. Figure 7.3 shows the Eshelby solution for the
Mode I opening stress σz as a function of the distance from the edge of the elliptical
constituent particle, aligned with the loading direction z. For Figure 7.3, the eigenstrains are considered as zero in the absence of necessary information to determine
their value.
Curves are plotted for diﬀerent particle sizes and aspect ratios that are representative of a range of particles typically found in this material [30]. The Eshelby theory
illustrates the argument that the more highly stressed region near a constituent par-
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Figure 7.3. Normalized stress (σz /σo ) as a function of distance along
z from the end of an elliptical particle of various dimensions

ticle, would accumulate more fatigue damage per cycle than the regions remote from
the constituent particle. Considering now a fatigue crack growing in Mode I some
distance d away from the edge of the particle such that the amount of fatigue damage
on the particle side of the crack tip is suﬃciently higher than the amount of fatigue
damage on the side furthest from the particle. Such a gradient in fatigue damage
may cause the crack path to deﬂect toward the particle, rather than continue in the
nominally preferred purely Mode I projected path. The stress gradient at a distance
suﬃciently far away from the particle approaches zero, it is reasonable to expect that
the eﬀect of the constituent particle on the crack path beyond this point is negligible.
Interestingly, for the diﬀerent elliptical particles shown in Figure 7.3, the distance at
which the Mode I stress gradient approaches zero can be reasonably well predicted
as proportional to the square root of the surface area of the ellipse. This ﬁnding
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supports the critical distance for crack deﬂection observed in the experiments. For
the case of an intact, coherent constituent particle the Eshelby solution shows how
the size of the region around the particle that has a high stress gradient depends on
both the particle size and aspect ratio. This theory is a ﬁrst step to explaining the
inﬂuence of particles on the crack path.

7.2

Case II: Fractured Particle
In this section the stress ﬁeld caused by a cracked particle is considered. It should

be noted that studies have shown the cracking of constituent particles under fatigue
loading can reduce their eﬀective modulus signiﬁcantly [32]. Chadwick et al. 2016
found that due to particle fracture caused by fatigue loading, nanoindentation measurements of particle modulus ranged from around 90GPa to 130GPa. The large
range in values was due to particle fracturing and decohesion with the surrounding
matrix. The diﬀerence in elastic properties between the constituent particle and the
matrix are considered negligible in the case of a fractured particle compared to the
eﬀect of the crack size on the elastic stress ﬁeld. A closed form solution for the elastic
stress ﬁeld caused by a through thickness crack in a thin, inﬁnite plate was presented
by Westergaard in 1939 [27].
√
σo πa
cos(θ/2)(1 − sin(θ/2) sin(3θ/2))
σxx = √
2πr
√
σo πa
cos(θ/2)(1 + sin(θ/2) sin(3θ/2))
σzz = √
2πr
√
σo πa
sin(θ/2) cos(θ/2) cos(3θ/2))
τxz = √
2πr

(7.7)
(7.8)
(7.9)

The crack length of a fractured constituent particle is inﬂuenced by the particle size
and shape. Figure 7.4 shows the normalized increase in stress (σz /σo +1) developed by
the Westergaard crack as a function of distance from the crack tip in the z direction for
a range of diﬀerent crack lengths representative of sheared particles in the material.
For crack lengths ranging from a = 2 to a = 12. The distance from the crack tip
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where the stress gradient approaches zero ranges from around 10µm to 30µm. The
Westergaard solution shows how the size of the high stress gradient region caused by
a sheared particle is directly related to the crack size, which is indirectly related to
the particle size and shape. This ﬁnding is also of a similar magnitude to the range
of critical distances for crack deﬂection observed in the experiments in Section 6.

7.3

Linear Elasticity Limitations
Consideration of the stress ﬁelds developed by constituent particles is key to

achieving a theoretical understanding of the empirical relationship between particle
size and main crack deﬂections. As a ﬁrst step, closed-form linear elastic analytical
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solutions can provide signiﬁcant insights. Both intact and fractured particles are considered and relevant analytical solutions from Eshelby [26, 53] and Westergaard [27]
respectively illustrate the stress concentrating eﬀect of these microstructural features.
The approach presented here is limited by the assumption that the stress ﬁelds are
linear elastic. Further work using elastic-plastic and/or crystal plasticity theory is
required to more accurately quantify the size of the fatigue process zone around a
constituent particle. Further work is also needed to quantify the particle matrix incoherency strains. Once this is achieved, further numerical analysis using ﬁnite element
methods could be used to model the stress response of more complex constituent
particle shapes representative of real material.
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8. CRACK OPENING RESULTS AND ANALYSIS
Relatively new x-ray synchrotron computed micro-tomography techniques have the
potential to shed new light on the physics of crack tip closure in physically small
cracks [20]. The results of a µXSCT method for visualizing crack opening by mapping
the change in thickness of the reconstructed crack is presented here using the in-situ
crack opening experiments conducted on Sample 3C as per Section 4.5 and postprocessed as per Section 5. Comparison is made to results from other studies that used
compliance methods to measure crack opening in AA7050-T7451 [14,18]. Limitations
of the Local Thickness Mapping technique are also discussed.

8.1

Local Thickness Mapping
The Local Thickness Mapping plug-in [46] to ImageJ [43] is a technique for visu-

alizing the thickness of complicated three-dimensional geometries that was originally
developed for medical imaging applications. The local thickness of a point within a
region Ω is deﬁned as the diameter of the largest sphere that ﬁts inside the region Ω
and includes the point [56]. This is shown in Figure 8.1(a). The local thickness of
each pixel in Ω is represented by an intensity value which is visualized as a color map
as shown in Figure 8.1(b). For the crack opening results, the region Ω represents the
crack which is obtained by automatic thresholding of the tomography reconstructions
in ImageJ using the Otsu method. The local thickness value in pixels can be converted to microns based on the 0.87µm pixel size of the tomography reconstructions.
The VolumeJ [45] plug-in to ImageJ is then used to produce a rendering of the local
thickness along the entire crack front as shown in Figure 8.2 which shows a cropped
top view of the crack front of Sample 3C at maximum tensile load (P = 270N).
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(a) Deﬁnition of local thickness

(b) Local thickness map of two intersecting spheres D1 = 160Pixels and
D2 = 120Pixels

Figure 8.1. Example of local thickness mapping (adapted from [46])

8.2

Results
The evolution of opening and closing along the edge of the entire crack can be

observed by comparing the local thickness map at each load step. This comparison
technique is a somewhat subjective way of determining the crack tip opening load
with a precision ±1 load step. Figure 8.3 shows the local thickness map for a sub
region of crack front in load steps from a) P = 13N to k) P = 270N. Crack tip opening
is not uniform along the crack front, however a noticeable change can be observed
between load step f) P = 140N and g) P = 165N. This suggests the crack opening
load is around 50% to 60% of the maximum load.

8.2.1

Advantages and Limitations

While the local thickness map technique can be used to obtain quantitative values
for a complicated 3-D region, these cannot be directly related to physical displacements in the global co-ordinate system. For example, consider the thickness map of
Figure 8.1(b). If the two intersecting spheres were to undergo a volume preserving
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Figure 8.2. Top view of crack front local thickness map of Specimen
3C at maximum load

shape change, the overall local thickness would decrease and be diﬃcult to interpret.
The more complicated the 3-D region, the more diﬃcult it is to infer the nature of the
3-D deformation. For these reasons the local thickness map technique is best suited
to a qualitative evaluation of the crack shape as some values may be misleading.

8.3

Comparison With Other Experiments
Comparison with other experimental results is needed to validate any inferences

made from the local thickness maps. Walker et al. in 2016 measured crack opening
using back face strain compliance method [18] on AA7050-T7451 Compact Tension
test coupons at constant amplitude loading with R = 0.1 and found the opening
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load ranged from 70% to 50% of maximum load as relative crack length ranged from
c/W = 0.3 to c/W = 0.7 [18]. This suggests that the observed crack opening load
for Specimen 3C at a relative crack length a/t ≈ 0.35 is reasonable.
For further comparison, consideration of ΔKef f for the measured growth rates
is needed. Diﬀerent experimental studies have reported very diﬀerent ΔKef f values
for the same observed growth rates in AA7050-T7451 in the near-threshold region
[15]. Standard ASTM load reduction techniques [16] have been reported to overpredict ΔKef f in the near-threshold region by not adequately accounting for closure
eﬀects [39]. Two improved techniques for more accurately determining ΔK in this
region have been reported [15]. The ﬁrst is compression-compression pre-cracking.
The other method is a quantitative fractography method using periodic underloads
as marker bands. The quantitative fractography method has the advantage of being
able to be used for very short, naturally initiated cracks. Both methods have shown
good agreement with full scale component tests of RAAF F/A-18 primary structure.
[15, 18, 39].
Figure 8.4 shows the fatigue crack growth curves for AA7050-T7451 determined by
Damage Tolerant Design Handbook data [49] and the improved techniques (WalkerNewman [15,39]). Specimen 3C data is compared to the curves, the eﬀect of accounting for closure in the near threshold region is illustrated. For the measured growth
rates at encountered particles on Specimen 3C, if ΔK is calculated using Equation 6.1
and the full range of load not taking into account closure, the data agrees well with
the Damage Tolerant Design Handbook data. If the crack opening load at around
50% of maximum load determined by local thickness mapping is accounted for in
Equation 6.1, the data agrees well with the improved FCG curve. This comparison
illustrates the importance of validation with other experimental data when inferring
crack closure eﬀects from the local thickness map.
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Figure 8.3. Detailed top views of crack front local thickness map of
Specimen 3C (a) 13N (b) 40N (c) 65N (d) 90N (e) 115N (f) 140N (g)
165N (h) 190N (i) 215N (j) 243N and (k) 270N
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ΔKef f closure eﬀect.
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9. CONCLUSIONS AND RECOMMENDATIONS FOR
FURTHER WORK
This research aimed to contribute new knowledge of physically small fatigue crack
growth in a common structural material, AA7050-T7451. The primary focus was
the inﬂuence of brittle constituent particles on fatigue crack path, which had never
been quantiﬁed before in 3-D, to improve FCG models. A secondary focus was 3D visualization and measurement of crack closure eﬀects to improve crack closure
models. Fatigue crack growth experiments were conducted on miniature specimens
at constant amplitude R = 0.05 loading in both the HCF and LCF regimes. In-situ
x-ray synchrotron computed micro-tomography imaging of the fatigue crack growth
experiments was used to observe and quantify fatigue crack path deﬂections, particle
interactions and crack closure eﬀects in 3-D at a voxel size of 0.87 × 0.87 × 0.87µm3 .
The key ﬁnding from this research was that brittle constituent particles were observed to inﬂuence the path of a propagating fatigue crack under a range of diﬀerent
growth rates and crack-tip stress intensities. The inﬂuence of constituent particles on
√the crack path was quantiﬁed in an empirical relationship, dcrit = α A, between the
surface area of a constituent particle and the maximum distance of crack path deﬂection caused by a particle. This relationship between constituent particle morphology
and crack path topology has potential applications for FCG models to incorporate
crack path tortuosity induced by constituent particles into component life predictions.
A theoretical basis for the observed empirical relationship is needed. As a ﬁrst step
in this research an analysis of the linear-elastic stress ﬁelds developed by brittle ellipsoids and crack defects representative of constituent particles found encouraging
similarities between the size of the stress ﬁeld developed by a representative defect,
and the distance of crack deﬂection observed in experiments. Further work needed
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towards this goal includes a better understanding of the stress and strain ﬁelds developed by the constituent particles, speciﬁcally the incoherency between the constituent
particles and the aluminum matrix needs to be quantiﬁed experimentally. Once this
is determined, more sophisticated ﬁnite element modeling of the stress ﬁelds may be
able to account for more complex constituent particle geometries and particle cluster
eﬀects. Experiments with variable amplitude loading should also be considered to
provide enough of a basis to incorporate constituent particle eﬀects into component
FCG predictive models.
Another interesting ﬁnding from this research was that in-situ x-ray synchrotron
computed micro-tomography imaging and automated post-processing techniques can
be used to visualize crack-tip opening behavior in 3-D. A local thickness map of
a crack void was shown to change as load is incrementally increased through one
load cycle, providing a qualitative visualization of crack opening. The crack opening
load can be estimated by comparing changes in the local thickness maps near the
crack tip between load steps. While the technique is somewhat subjective, it was
shown to agree well with other objective measures of crack opening load reported in
the literature. Further work in this area, perhaps using diﬀerent tomography image
processing techniques to quantify crack tip deformation, may be able to improve upon
the current crack closure models. Improved crack closure models would lead to more
accurate component life predictions.
Using a common aerospace structural alloy, AA7050-T7451, this research has measured in 3-D in-situ fatigue crack interactions with microstructural features, establishing a relationship between the fatigue crack path and the morphology of brittle
constituent particles. Signiﬁcant reductions in the cost of fatigue failures in the
aerospace industry are possible in the future through understanding the mechanics of
fatigue at the microstructural scale and incorporating those eﬀects into crack growth
models of components.
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